Abstract-This paper presents a detailed study of the vibrations on the surface of the neck during a vocalization of predefined fundamental frequency and intensity. This study was carried out as part of a wider investigation into the use of laryngeal vibrations as a channel of communication. Another potential application of this study is in identifying a suitable location for a hands-free electro-larynx for laryngectomees.
I. INTRODUCTION
CCELEROMETER recordings of neck skin vibrations, have been found to be closely related to vocalizations as recorded using a microphone [1] . Previous studies have used accelerometers to measure subtle body movements emanating from the throat [2] and also to give a general mapping of the skin surface vibrations of the neck and thorax region during sleep [3] . The goal of this research is to provide a detailed study of the vibrations on the surface of the neck during a vocalization of a predefined fundamental frequency and intensity.
The terms fundamental frequency and pitch often refer to subtly different quantities (actual and perceived fundamental frequency respectively). Here however, the term pitch refers to fundamental frequency of phonation. The range of voice pitch varies substantially from one person to another. However, the range for a man usually lies within the interval 50-250 Hz, while that for a woman usually lies within the interval 120-500 Hz [4, p.114] [5] .
An initial aim of this study was to identify suitable location(s) for the positioning of a hands-free electro-larynx. Since removal of the larynx has an enormous physical structural impact on the anatomy of the throat, investigation of vibration patterns in able-bodied subjects can provide only limited insight into what may occur in the case of a laryngectomee. This aim was therefore a speculative or exploratory one. Another aim of this study, to which we now attach greater importance, is the use of laryngeal vibrations as a channel of communication and control.
A. Electro-Larynx
The electro-larynx is a device which is typically used by people who have undergone a laryngectomy (removal of the larynx). It is pressed against the skin under the mandible and uses a mechanical vibration to simulate the work of the larynx [6] . It produces an intelligible, monotonic, voice-like sound. By its nature the device is indiscreet and highly obtrusive which leads to users feeling self-conscious and uncomfortable when operating the device [7] .
A goal of this research was to discover whether the ideal location for the electro-larynx is in fact under the mandible or if there is a particular area of the neck from which vibrations, emanating from the larynx, are more intense.
It is important to note that, by recording the vibrations on the surface of the neck during vocalized speech, it was hoped but not assumed that some insight would be gained into the propagation of vibrations traveling in the opposite direction (emanating from an electro-larynx).
B. Control using Laryngeal Vibrations
A previous related study showed that laryngeal vibrations measured using an accelerometer could be harnessed as a channel of communication, facilitating play and creative expression [8] . That study applied this concept to assist children with physical disabilities to engage with toys and music-making activities to which they would otherwise have limited access.
In that application it was decided that the accelerometer was to be positioned on the suprasternal notch. However, some trial users reported a feeling of discomfort with having the measuring accelerometer module placed on this sensitive
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II. MATERIALS AND PROCEDURES

A. Materials
To perform a study on skin vibrations using an accelerometer, it is desirable that the device used be as small and light as possible in order to minimize the potential for the sensor itself to affect the recordings. For this reason, the accelerometer selected for this study was the STMicroelectronics LIS3L02AL. It is a 3-axis, ±2g, analog accelerometer, capable of measuring accelerations over a bandwidth of 1.5kHz for all axes. It has external dimensions of 5x5x1.6mm, a mass of 80mg, and requires just five wires connected to it to measure acceleration in all of the three axes. Single strands of 100μm diameter wire were used to ensure that the inertia of the measuring device was minimized so that the vibration of the skin was not greatly affected and also that erroneous results which could arise from movement of the subject would be reduced. A block diagram for the recording system is shown in Fig. 1 .
A combined microphone and preamplifier (Maplin KJ44X) was used to record the vocalization audio signals. To ensure synchronized sampling of all signals, the microphone and accelerometer were both connected to a National Instruments 6023E 12-bit analog-to-digital converter (ADC). The ADC was set to a sampling frequency of 22.05kHz on all channels.
Before testing, the pre-amplified microphone was calibrated using a Brüel & Kjaer 2231 Sound Level Meter, at a distance of 15cm from a constant audio signal source. The audio intensity was adjusted and the output voltage from the microphone preamplifier was compared with the corresponding recorded Sound Pressure Level (SPL).
A virtual instrument (VI) was created in LabVIEW which streamed in the data from the microphone and the three accelerometer axes through the ADC. The incoming data stream was broken into 200ms windows. The sound intensity and fundamental frequency of each window was estimated. The VI gave a visual display of these calculated values and this feedback was updated with each analysis.
After testing, the data was accumulated in MATLAB.
Using equations (1), (2) and (3) Where p is a point on the neck, n is the sample number.
B. Procedure
The study was performed on two able-bodied male subjects who gave informed consent. The experimental procedure was as follows: 1) The subject's neck dimensions were measured and a personalized grid of the neck was calculated based the grid shown in Fig.2 . This grid uses the chin, each angle of the mandible, the hyoid bone, the thyroid cartilage, the cricoid cartilage, the sternal head and the points where the sternocleidomastoideus meets the clavicle as reference points (blue markers). The points illustrated by green markers were calculated by dividing the distance between the reference points using the percentage ratios as shown. Utilizing both of these sets of points the remaining area was divided up (red markers) so that the final result was a grid consisting of forty-five vibration measurement locations. 2) To keep the subject's posture constant during testing, his forehead was supported in a head rest, Fig. 3 . The angle of the head was set by locating the anterior triangle [9, Ch.6 3a. 3] of the neck and maintaining the angle between the mandible and the line that travels along the sternocleidomastoideus at 100°. The height of the subject's seat was adjusted until this angle was achieved. The microphone was then positioned 15cm away from the subject's mouth, Fig. 3 . 3) The accelerometer node was then positioned on the first point in the grid, Fig. 3 , and the subject was asked to make the vowel sound /i/ (long e) at three different fundamental frequencies, 150Hz, 200Hz and 250Hz, and at a SPL of 70.8dB (0.001V). 4) Utilizing the live visual display of fundamental frequency and sound intensity, the subject was able to adjust their vocal sound. When their voice reached the desired values, within a 5% tolerance, the 200ms window of data from the audio and the vibrations, at that point on the neck, were recorded. 5) The accelerometer was moved to the next point in the grid and the procedure repeated from step 3.
III. RESULTS
The vibration magnitude values for all measurement points on subject A are listed in tables I, II, and III for each frequency. The same values are represented graphically in Fig. 4 , 5, and 6. Both the size and color of each dot represents the average magnitude of acceleration at that point. However the dot color mapping is normalized for each graph, while the dot size scale is constant across all graphs.
The results from Subject B are not shown in this paper. However they were found to be largely similar to the results shown below. In addition to the expected vibration magnitude results as shown in the previous diagrams, what has emerged from the 3-D skin surface acceleration recording is an interesting and decidedly variable pattern of 3-D oscillatory motion at each of the measurement points. Sample acceleration trajectories for two particular points are shown in Fig. 7, 8 . The low amplitude of the measured vibrations resulted in the clearly visible quantization of data points in this figure. Fig. 9 and Fig. 10 illustrate the difference between the normal and tangential acceleration trajectories. It can be seen that while certain points on the neck typically consist of vibration which is normal to the surface of the skin, there are other points which have significant tangential components. 
IV. CONCLUSIONS
The variation in vibration amplitude over the region of investigation is largely consistent with expectations. The average magnitude of acceleration tends to be greatest on and in the immediate vicinity of the larynx. It decreases with greater distance from the larynx, but the rate of that decrease is dependent upon the direction. It can be seen that at 150Hz (Fig.4) , there are significantly more vibrations at the base of the neck compared to those at 250Hz (Fig. 6) .
The vibrations measured on the mandible are minimal for all frequencies. This indicates that the measured vibrations on the surface of the skin are not suitable to simulate the characteristics of the electro-larynx as applied under pressure to a single point on the neck.
The 3-D acceleration plots reveal a complex pattern of oscillatory motion at the skin surface due to vocalization which may have interesting applications. However, the authors believe that, pending thorough investigation, these trajectories should be treated with some caution. We speculate this is due to sensitivity of sensor placement rather than asymmetrical vibration.
